I Introduction
For several years now, hydrogen for mobility applications is discussed widely to abandon local emissions, reduce overall greenhouse gas (GHG) emissions and decrease dependency on foreign fossil fuel resources. Additionally, fuel cell electric vehicles (FCEV) from different manufacturers are already available on the market [Global Market Insights, 2018] . For the production and transport of hydrogen, however, a broad variety of technologies are existing or currently under development and/or investigation.
In this context, several recent articles discuss technical aspects of hydrogen production [da Silva Veras et al., 2017 , Hosseini & Wahid, 2016 , Sinigaglia et al., 2017 , Dincer & Acar, 2015 , Nikolaidis & Poullikkas, 2017 . These papers, however, give only an estimation of the cost and lack an environmental assessment. However, Gnanapragasam et al. [2010 consider such aspects and even include social issues within their assessment. They do not use a life cycle approach but analyze certain hand-picked qualitative and quantitative indicators; such an approach is more open to subjectivity compared to more standardized approaches like Life Cycle Assessment (LCA). Additionally, life cycle cost assessments mainly concentrate on one field of technology, e.g. electrochemical [Kuckshinrichs et al., 2017] , solar [Shaner et al., 2016] or fermentative hydrogen production [Han et al., 2016] . Regarding LCA a variety of studies about hydrogen supply are available. For example, Bhandari et al. [2014 performed a review on existing studies on electrochemical hydrogen production. They found out that mainly "Climate change" as an impact category is assessed and only very few studies broaden their scope to "Acidification" and "Eutrophication". Valente et al. [2017 concentrate in their review on "Climate change" impacts for renewable hydrogen (electrochemical, thermochemical and biological) production technologies compared to steam methane reforming (SMR). Most of the analyzed studies investigated electrochemical hydrogen production. The authors also harmonized all results to compare different studies with each other. However, even these harmonized results vary significantly between the different studies. In particular, results for biological hydrogen production can exceed values for SMR many times over. A recent comprehensive LCA non-review paper was published by Mehmeti et al. [2018. However, the authors claim only to perform a streamlined LCA as "the goal of the analysis is a quick review of the major sources and quantitative … environmental impacts". Here thermochemical (coal and biomass gasification, steam methane and renewable ethanol reforming), electrochemical (proton exchange membrane (PEM) and high-temperature electrolysis) and biological (dark fermentation plus microbial electrolysis) production technologies were analyzed against 18 impact categories. It was revealed that hydrogen from PEM electrolysis using electricity from renewable sources and biomass gasification show the most environmentally benign behavior. Regarding biomass gasification, however, the authors restrict their findings due to the high impact of the used feedstock, the involved gasification technology and the broad variety of operating parameters. Already older studies included hydrogen transport and distribution [Wulf & Kaltschmitt, 2012] . In ones that are more recent it is even the focus of the assessment. Ozawa et al. [2017] assessed the hydrogen supply in Japan for mobility by importing hydrogen from Australia or Norway or importing natural gas and convert it to hydrogen. Liquid organic hydrogen carrier (LOHC) for transport are compared with liquid hydrogen transport. The presented results show that when using renewable sources for hydrogen production in particular the long distance transport as well as the energy carrier used for compression, liquefaction or dehydrogenation become more important. However, in this paper only the impact category "Climate change" is assessed as an impact category and only a well-to-tank analysis is performed (i.e. the construction of hydrogen production unit and other facilities is not included). Other authors focus on distributing hydrogen in particular the hydrogen refueling station (HRS) (e.g. Burkhardt et al. [2016] ). They investigated different environmental impact categories but only for hydrogen production from wind energy directly at the hydrogen refueling station (HRS). The variation of the full load hours of the electrolyzer revealed that with only 3,000 h/a environmental impacts from the construction of the electrolyzer and the hydrogen refueling station (HRS) account for 60 % of the overall impacts.
In the present paper many of the before mentioned aspects will be combined. The spectrum of hydrogen production technologies as well as resources and feedstock are assessed with an LCA as well as from a cost perspective. The choice of environmental impact categories is thereby not limited to "Climate change". Furthermore, not only the production of hydrogen is included but also the transport and distribution in Germany (i.e., the whole supply chain for mobility purposes is covered). In this way, a comprehensive picture can be drawn and the positive and negative aspects of current and future technologies for hydrogen supply can be discussed.
II Methods and assumptions
The economic and environmental assessment is realized based on widely accepted methodological approaches.
Environmental assessment with an LCA is a well-established methodology for products and services. According to the standards ISO 14040 and 14044 [2006a, 2006b] it is divided in four steps "Goal and scope definition" to shape the aim of the assessment and define the system boundary, "Life cycle inventory analysis" to assume and calculate all necessary input and output parameters, "Lice cycle impact assessment" to calculate the environmental impacts of the assessed process chain and "Life cycle interpretation" to discuss the results. The implementation of the first two steps for this LCA on hydrogen supply are described within this section while the results of the last two steps are presented in the subsequent sections on results and discussion.
The economic assessment is performed by the approach of levelized cost c in this case for hydrogen supply. All cost occurring during the life cycle of hydrogen supply are annualized over the lifetime t of the components. If nothing else is mentioned the overall lifetime T is assumed to be 20 a. The main cost components are capital expenditure I, operating cost O including maintenance, consumable expenditures C mainly for fuel and revenues R for side products, which are set into relation to the annual amount of supplied hydrogen H (Equation 1) [VGB Powertech, 2015] . r is the interest rate.
Here a perspective of the overall national economy is chosen as also the LCA considers effects for the whole society. Therefore, a low interest rate r of 3.5 % is assumed based on the average interest rate of German governmental bonds over the last 20 years, which are inflation-adjusted [Deutsche Bundesbank, 2017 , Statista, 2017b . All costs are based on the year 2012. The investment cost are adjusted with the Kölbel-Schulze index [VCI, 2017] and extrapolated to the future using learning curves [Schoots et al., 2008] .
II.1 Goal and Scope
The goal of this assessment is to analyze the environmental impacts and the costs of future hydrogen supply in Germany. The targeted year is 2032. The selection of the assessed hydrogen production processes is based on several criteria. As this is an investigation of future hydrogen supply not only technologies that are currently on the market are assessed but also technologies that might be available at that time. Therefore, also technologies that have already reached a Technology Readiness Level of 5 [EU, 2014] are included. That means that the technologies are already tested in projects under real live conditions. Another criterion for a comprehensive assessment is that the variety of technologies is covered by choosing electrochemical (PEM, alkaline and high-temperature electrolysis), thermochemical (steam reforming, gasification), biological (combination of dark and photochemical fermentation) and thermochemical cycle (sulfur-iodine (S-I) cycle) hydrogen production technologies. Furthermore, also possible energy sources should be broadly covered (i.e. wind and solar power, digestible and woody biomass, natural gas and coal). Additionally, by-product hydrogen from industry is included because it is a sometimes available source of hydrogen. However, hydrogen from industrial processes needs to be made available because it is often used as a heating fuel. Therefore, the hydrogen is substituted by natural gas in this process chain. All process chains are summarized in Fig. 1 
Fig. 1 Analyzed hydrogen supply chains
Source: Own depiction Wulf 2017
As solar radiation is not very promising in Germany for the chosen hydrogen production technologies these process chains have their production in Northern Africa. Thus transport and distribution needs to cover a significant longer distance than for production within Germany. For transport only in Germany (i.e. relative short distances) trucks and high-pressure tanks are the option assumed here. For longer distances, however, other technologies are more efficient due to their higher transport capacities. Here liquid organic hydrogen carriers are chosen [Reuß et al., 2017] . Such hydrocarbons can be transported in trucks and on ships like mineral oil based fuels; i.e. no new vessels need to be considered. Hydrogen production with PEM and alkaline electrolysis are located directly at the hydrogen refueling station (HRS) to avoid transport and only distribution needs to be considered.
Due to the always-changing predictions of future surrounding conditions (e.g. the electricity mix [cf. Nitsch et al., 2012 , Capros et al., 2016 ) these background parameters are kept constant related to the year 2012.
The selection of environmental impact categories is based on three criteria.
 First, they must be recommended by the International Reference Life Cycle Data System (ILCD) [EU-JRC, 2011] .
 Second, the quality of the impact assessment methods should be at least "recommended but in need of some improvements" [Hauschild et al., 2013] .
 Third, impact categories must have a high importance for the assessment of the mobility sector.
Based on these criteria six impact categories are chosen: (a) "Climate change", (b) "Acidification", (c) "Eutrophication", (d) "Photochemical ozone creation", (e) "Particulate matter" and (f) "Human toxicity". For "Human toxicity" metals are excluded because these characterization factors are not considered to be robust yet.
II.2 Inventory
The assessed process chains are divided in the two phases "hydrogen production" as well as "transport and distribution". For all processes also a basic recycling of the main materials is included. All according tables can be found in Appendix A. For the environmental modelling of the process chains Umberto is used and for background data the ecoinvent database version 3.1 [Swiss Centre for live cycle inventories, 2014] is used.
II.2.1 Hydrogen Production
The capacity of the hydrogen production facilities is based on optimal values found in literature and technical prognoses.
For electrochemical hydrogen production directly at the hydrogen refueling station (HRS) two different electrolyzers are available -alkaline and PEM electrolysis. Alkaline electrolysis is more efficient when producing steadily hydrogen while PEM electrolyzers can faster perform load changes and can be operated in low loads . Therefore, PEM is often discussed in combination with fluctuating renewable sources of energy like wind and solar.
Here alkaline electrolyzers are assessed powered with electricity from wind power guaranteed by green certificates to allow for high full load hours and a PEM electrolyzer with lower full load hours but direct wind power input. Because of this, the PEM electrolyzers needs to be larger in production capacity and needs additionally a hydrogen storage unit to deliver the same amount of hydrogen (Tab. A 5). These types of electrolysis are directly located at the hydrogen refueling station (HRS) because they can be built efficiently with smaller installed capacities and in this way a hydrogen transport can be avoided.
Steam methane reforming and gasification of coal for hydrogen production are standard industrial processes for hydrogen production. The here chosen process parameters are based on a comprehensive literature review and are listed in Tab. A 6. For the steam methane reforming facility a medium sized capacity is assumed to utilize scaling effects in efficiency and costs on the one side and to allow for moderate transport distances on the other side. Additionally steam is produced for that a credit is given. The coal gasification in contrast is only reasonable on a very large scale [Müller-Langer et al., 2007] . In both processes an additional water-gas shift reactor is used to produce higher amounts of hydrogen after the actual gasification and reforming, respectively. The hydrogen from both provision processes is not pure enough for fuel cell electric vehicles (FCEV). Therefore, in both processes a pressure swing adsorption is included to guarantee that the given requirements are met. For the steam methane reforming external electricity from the grid is used. For the coal gasification, on the contrary, a combined plant design is chosen due to economic advantages producing even surplus electricity [Doctor et al., 2001 ]. This electricity is used to cover the internal demand and exported to a small amount to the outside market. For this an extra credit is given as well as for the sulfur that is separated during the flue gas treatment.
Steam reforming of biomethane uses the same production facility as steam methane reforming. For the supply of biomethane a standard German mix of digestible biomass consisting of manure, grass, wheat, corn and organic waste is used. After the biogas production based on a "classical" anaerobic digestion process, the biogas need to be purified. As one biogas plant would not be able to supply enough biogas, the biogas provided by multitude biogas plants is fed into the natural gas grid and extracted at a location where the further processing to hydrogen takes place on a large scale. Therefore an enrichment of the biogas with propane is mandatory to adjust the Wobbe Index [Scheftelowitz et al., 2013 .
The parameters for the gasification of wood and the substituted hydrogen from chemical industry are also listed in Tab. A 6. The wood consists of forest residues from German spruces with an initial water content of 50 %. Before thermochemical gasification, wood is pre-dried to a water content of 30 % and shredded to woodchips. The transport distance to the gasification facilities is assumed to be 50 km reflecting German conditions. The gasification takes place in a Fast Internal Circulating Fluidized Bed (FICFB) reactor with a subsequent water-gas shift reactor to produce more hydrogen out of the synthesis gas. The hydrogen produced in this process needs further purification within a pressure swing adsorption.
The substituted hydrogen is assumed to come from a chloralkali processes. This hydrogen is already very pure and needs only to be dried. To compensate for the extracted hydrogen currently used for heat production a natural gas boiler is assumed.
The biological hydrogen production is based on dark fermentation of digestible biomass, which consists of the same mix as the biomass for biogas production. In this processes not only hydrogen is produced but also organic acids. The organic acids are further processed in a photobioreactor in a photofermentation step together with several nutrients to produce more hydrogen. Tab. A 7 gives an overview of the main process parameters.
Hydrogen production by thermochemical cycles offer a variety of different processes. Here the sulfur-iodine cycle is chosen because the temperature level of the needed heat corresponds with the temperature level easily achievable by concentrating solar power (CSP) plants and the demanded level of technological development. In addition, the high-temperature electrolysis requires a similar temperature for the heat. Furthermore, both processes need electricity (Tab. A 8) which is also provided by the CSP plant. The solar power plant also includes a heat storage to enable a constant hydrogen production independent from the time of the day and thus the actual incoming sunshine. The location of these hydrogen production facilities is assumed to be based in Northern Africa. In Algeria, sites not too far from the coast but with good values of solar radiation are available and are investigated here.
II.2.2 Hydrogen Transport and Distribution
Depending on the hydrogen production technology the transport and distribution is chosen differently. Hydrogen production directly at the hydrogen refueling station (HRS) based on an alkaline and PEM electrolysis system requires only the distribution by the refueling station, which is the same for all hydrogen supply options (Tab. A9). The hydrogen is compressed at the hydrogen refueling station (HRS) to over 800 bar to allow for a fast dispensing of the hydrogen to the vehicle. As on-site produced hydrogen and hydrogen from dehydrogenation has a lower pressure level (4 and 1 bar, respectively) than delivered hydrogen (500 bar transport in high pressure tanks) the electricity demand for compression and precooling is differing. As hydrogen is expanded from over 800 to 700 bar during dispensing heat is released. To avoid possibly resulting damages in the vehicle the hydrogen is precooled to -40 °C. For electricity use at the hydrogen refueling station (HRS) electricity from wind power is considered because already for on-site electrolysis this form of electricity is used.
Road transport is conducted according to EURO 6 standards. The transport distances for the hydrogen produced in Germany is calculated based on the needed production facilities to meet the hydrogen demand. Therefore, some assumptions have to be fixed to calculate the size of the hydrogen supply chains. Here it is assumed that for the target year 1,000 hydrogen refueling stations (HRS) are in operation and supplying hydrogen to 1.8 Million fuel cell electric vehicles (FCEV) (targets of the H2Mobility for 2030) [Wurster & Schaloske, 2015] . Based on this and the average hydrogen consumption of a fuel cell electric vehicles (FCEV) an annual hydrogen demand of 193,000 t (2030) needs to be met. With the capacities of the hydrogen production facilities, the number of plants and subsequently the average transport distance for Germany can be calculated. The results are summarized in Tab. 1. The hydrogen import from Northern Africa includes within "transport and distribution" the ship transport -with adjusted sulfur content according to the regulation for ship diesel [IMO, 2005] -and the hydrogenation and dehydrogenation with liquid organic hydrogen carrier (LOHC). Therefore dibenzyltoluene is chosen , which can be handled during transport like a conventional mineral oil based fuel. For dehydrogenation, a temperature of 310 °C is needed. This heat is supplied through a natural gas boiler. During hydrogenation realized at the hydrogen production facility in Northern Africa heat with 150 °C is released, in contrast. As there is no demand for low temperature heat at the assumed locations, no credits are given.
Tab. 1 Transport distances for hydrogen production in Germany

II.2.3 Background data
For most of the described processes, electricity is an important factor. Thus the used mix in this study is listed in Tab. 2Tab. 2. Müller-Langer, 2011 , DESTATIS, 2014a , Belau, 2012 , Kaltschmitt et al., 2013a , Statista, 2017a , Heimann, 2014 , DESTATIS, 2014b , C.A.R.M.E.N., 2014 , dena, 2013 , Hamburg Wasser, 2017 , BDEW, 2016 Wulf 2017
Tab. 2 German electricity mix in the base year
Also for natural gas and coal the supply mixes from the base year are used based on [Swiss Centre for live cycle inventories, 2014, Ritschel & Schiffer, 2007 , DESTATIS, 2014a .
III Results
In this section, first the results of the LCA are presented. In a second subsection, the costs of hydrogen supply are discussed. Within each section a sensitivity analysis is carried out to discuss important assumptions.
III.1 Environmental Assessment
III.1.1 Impact category "Climate change"
Regarding this impact category hydrogen production wind and solar power have the lowest impacts with slightly lower results for hydrogen from wind power. These results can be assessed for the construction of the plant, the needed consumables, direct emissions, credits for byproducts if applicable and recycling; this is shown in Fig. 2 . The hydrogen transport and distribution consists of the actual transport, the conditioning of the hydrogen before transport and the fueling station with its preparation for fueling. For these hydrogen production processes the demand on consumables (i.e. electricity from wind power and solar power as well as heat from solar power) causes the majority of the emissions. As the produced solar hydrogen needs to be imported from Northern Africa the long distance transport in particular the truck rides and the heat demand for dehydrogenation sextuple the overall impact on "Climate change" showing even higher results than the gasification of woody biomass and almost as high results as the steam reforming of biomethane. Also for these two biobased hydrogen production technologies the supply of consumables are most important for the results. For the gasification of forest residues, not the biomass is causing most of these emissions but the electricity needed for operating the gasification unit (65 % of all emissions for hydrogen production) while for the reforming of biomethane the supply of biomethane causes 88 % of the GHG emissions for hydrogen production. Within the results of the hydrogen production processes using fossil fuels, i.e. substituted hydrogen, steam methane reforming (SMR), coal gasification, also the consumables have a significant impact but the direct emissions are determining the results. The highest results, however, are caused by the fermentative hydrogen production due to the high demand on digestible biomass or in other words the low efficiency of the hydrogen production process. Transport and distribution of hydrogen production processes in Germany have no determining effect on the overall results. The same is true for the credits of byproducts. The recycling and the construction of the facilities have almost no visible impact on the results. 
III.1.2 Impact category "Acidification"
Also for this impact category hydrogen production from wind and solar power shows the lowest results (Fig. 3) . However, due to the sulfur dioxide and nitrous oxide emissions from transport by ship these overall supply chains exceed with their results almost all other hydrogen supply chains. Only hydrogen production with digestible biomass has significantly higher impacts. The digestible biomass assumed here consists not only of manure and organic waste but also on energy crops (e.g. corn silage fertilizer and digestate is used causing ammonia emissions directly on the field. For biomethane reforming 88 % of the acidifying emissions are caused by the biomethane production. As the fossil fuel based hydrogen production processes use efficient flue gas treatment the direct emissions are not determining the results but the supply of the resources. Additionally, the transport distance can have a significant influence on the overall emissions. Looking only at hydrogen production coal gasification has lower impacts than wood gasification. As coal gasification is optimally performed in big facilities, the transport distances are much longer than for hydrogen from wood (Tab. 1). Therefore, the overall emissions on hydrogen supply are lower for wood gasification. For some hydrogen production technologies also the construction of the facilities becomes visible within the results shown in Fig. 3 (e.g. alkaline electrolysis due to usage of nickel). This, however, does not determine the overall result. 
III.1.3 Impact category "Eutrophication"
The usage of electricity from the German electricity mix is one of the major aspects determining the impacts on "Eutrophication" of hydrogen supply chains (Fig. 4) . This becomes most obvious for the conditioning of the hydrogen for transport. In this phase only electricity for compressing the hydrogen is included. These emissions are caused by the wastewater from lignite pits. Other process chains effected by this are the substituted hydrogen from chemical industry, where the electricity is used to dry the hydrogen (62 % of emissions for hydrogen production), gasification of wood (79 % of emissions for hydrogen production) and bio- methane reforming, more precise biomethane supply (30 % of emissions for hydrogen production). An even higher impact is caused by the usage of fertilizer due to the direct ammonia emissions.
Fig. 4 Impact of hydrogen supply on "Eutrophication"
III.1.4 Impact category "Photochemical ozone creation"
The lowest impact on this impact category for hydrogen production causes the high-temperature electrolysis (Fig. 5) . Slightly higher emissions are caused by the sulfur-iodine cycle and hydrogen production by wind power. For this impact category the high emissions occurring during the transport and distribution of hydrogen to Germany from North Africa are caused by emissions from trucks and ships -and here in particular from sulfur dioxide (34 % of total transport and distribution emissions). In addition, the emissions from heat production for dehydrogenation have a major impact (34 % of total transport and distribution emissions). For the other hydrogen supply chains the supply of the resources is determining the results. For natural gas (steam methane reforming, substitute in chemical industry) methane slip streams from the pipeline transport and during extraction are responsible for the results shown in Fig.  5 (23 % of total hydrogen production emissions) as well as sulfur dioxide during extraction (55 % of total hydrogen production emissions). In addition, coal supply is causing methane emissions and biomass supply emissions from agricultural utility vehicles. 
III.1.5 Energy
As this impact category is often not determined by primary particulate matter (particles < 10 µm) but by secondary particulate matter (sulfur dioxide, nitrous oxide and ammonia) (Fig. 66 ) similar results are revealed as for the impact category "Acidification" and similar explanation can be found (e.g. direct ammonia emissions due to fertilizers for biomethane supply). This affect is amplified due to more primary particulate matter from agricultural processes (e.g. harvest and grinding of corn). Another source of primary particulate matter is the recycling of wind power plants and here in particular the grinding of the rotor blades. Because of that, electrolysis with wind power has only slightly lower emissions compared to gasification of forest residues and substituted hydrogen from the industry. Another major source are vehicle emissions (e.g. for transporting the hydrogen). This defines the overall result for hydrogen supply. 
III.1.6 Impact category "Human toxicity"
Wind powered hydrogen production does not show the lowest results for the impact category "Human toxicity" (Fig. 7) . This is due to emissions for supplying electricity from wind power.
In the reduced list of assessed substances, carbon disulfide is the main source (72 % of total hydrogen production emissions) that is emitted in the pre-chains of the construction of wind power plants. Other sources are the extraction of platinum, leading to the results for the construction of the PEM electrolyzer, and the extraction of natural gas. Another important substance is acrolein, which is produced by diesel engines. Therefore, transportation processes have a high impact on the results; most important for the results is truck transport. The lowest impact regarding "Human toxicity" has steam methane reforming (SMR). The direct emissions, however, of not only steam methane reforming (SMR) but also coal gasification might be underestimated. For these processes, the direct emissions are picked by hand and emissions like formaldehyde are not considered. The assessment could be improved by including more direct emissions in the life cycle inventory. 
III.1.7 Sensitivity analysis
In many technical process chains the used electricity mix is an important factor. As in this paper the electricity mix is fixed to the base year (Tab. 2) in this sensitivity analysis the influence of this assumption on different environmental impact categories is tested. Therefor a potential future electricity mix mainly based on renewable energy sources is chosen (Tab. 4). For all impact categories applies that the supply chains based on wind and solar energy experience no major changes in the results because no electricity from the grid is used. All processes are based on wind and solar power, respectively. For the impact category "Climate change" some changes on the results for the other supply chains can be seen (left part of Fig.  8 ). In particular, for the gasification of wood the emissions can be significantly reduced. However, this does not change the order of preference of the analyzed options. For the impact category "Eutrophication" the changes are much more distinct. Also for this impact category the results for gasification of wood are significantly reduced. However, also steam methane reforming (SMR) and substituted hydrogen can reduce their emissions significantly. As a result, no clear preference between these three hydrogen supply chains can be given. For the other impact categories, the changes due to a changed electricity mix are much less distinct and do not change the order of preference for the assessed hydrogen supply chains.
Tab. 4 Potential future electricity mix
Next to electricity with the grid mix in all process chains electricity from wind power is used either as energy carrier for hydrogen production (i.e. alkaline and PEM electrolysis) or for cooling and compressing the hydrogen at the HRS. Due to the upscaling of wind power plants the future emissions will change. In this sensitivity analysis it is tested how the upscaling of onshore wind power plants will affect the results of hydrogen supply. The impacts on "Climate change" might decrease by 16 % until 2050. However, this has only very little effect on the hydrogen supply chains. For all supply chains with hydrogen production not directly at the HRS the change is less than 1 %. For the two supply chains with local electrolyzers, this impact category decreases by around 14 %. In the end this does not change the overall assessment of the hydrogen supply chains. The biggest decrease in impacts can be found for the impact category "Eutrophication". These impacts can be reduced by 28 % percent per kWh electricity from wind power. Again, for most of the supply chains this results in a decrease of emissions by maximum 1 %. Hydrogen supply chains producing directly at the HRS can reduce their impact by up to 30 %. As these are already the supply chains with the lowest impacts they can extend their supremacy. For the other impact categories results look quite same.
Another parameter that might change in the future is the efficiency of the truck for hydrogen transport. Studies suggest that up to 31.25 % more efficient trucks can be operated by 2050 [Schlesinger et al., 2014 , Arndt et al., 2017 , Helmholtz Association, 2017 , Bernath et al., 2017 . Fig. 9 shows on the left part for the impact category "Climate change" a reduction of environmental impacts of truck driving by 30 %. The strongest decrease in emissions can be observed for the imported hydrogen from Northern Africa. Their impact is reduced by 16 %. This sets these hydrogen supply chains more apart from the reforming of biomethane, but they cannot reach the values for wood gasification. For the other supply chains with road transport in Germany the greenhouse gas emissions can be reduced by up to 14 %. However, this does not change the rank order of the assessed process chains. For the impact category "Photochemical ozone formation" (Fig. 9 , right diagram) impacts for high-temperature electrolysis and sulfuriodine cycle can be reduced by one third. However, these supply chains still cause much higher impacts than most of the other supply chains due to other transport emissions and heat demand for dehydrogenation. Up to 7 % can be the reduction of impacts for the other supply chains, which has little effect on the overall results. Other parameter variations regarding transport with LOHCs, e.g. heat source for dehydrogenation can be found in Wulf and Zapp [2018] .
III.2 Economic Assessment
III.2.1 Levelized cost of hydrogen supply
The lowest cost of hydrogen supply are achieved by the substituted hydrogen from industry due to low costs for investments as well as operational resources (i.e. natural gas and electricity from the grid). In the same way the fossil fuel based supply chains (coal gasification, steam Impact photochemical ozone creation in g Ethen-eq/kg H 2 methane reforming (SMR)) achieve low hydrogen production costs. In these supply chains, the costs for hydrogen transport and distribution are determining. The high costs for investments, i.e. the hydrogen refueling station (HRS), and the corresponding high costs for operation are the reason for that. The transport distance, in contrast, has a very low effect on the overall result. That is why hydrogen from wind power cannot compensate the higher cost for hydrogen production with low distribution costs. Both electrolyzer technologies are affected by the high costs for electricity. Due to the lower full load hours, additionally, the PEM electrolysis has higher costs for investments. For the solar power based hydrogen, production processes the investment costs for the CSP systems are the determining factor (58 % sulfur-iodine cycle and 83 % high-temperature electrolysis, respectively, of investment costs for hydrogen production). The actual facilities in particular the high-temperature electrolysis have significant lower costs. For biological hydrogen production not only the low efficiency, which has been for the environmental assessment a major reason for the results, but also the high investment costs for the photobioreactor (71 % of investment costs for hydrogen production) as well as the high costs for digestible biomass compared to the fossil-fueled hydrogen production technologies are significant.
Fig. 10 Cost of hydrogen supply
III.2.2 Sensitivity analysis
Also for the economic assessment several parameters can be identified that are determining the results. Here the full load hours, investment costs, cost of consumables and the interest rate are varied from a decrease of 50 % to an increase of 40 % (Fig. 11 ). The interest rate is varied for the alkaline electrolysis (Fig. 11 a) and the steam methane reforming (Fig. 11 b) . For both technologies this parameter has no influence. For the alkaline electrolysis the electricity cost is the most sensitive input parameter followed by the investment cost for the hydrogen refueling station. Also the number of full load hours has some impact. For the other analyzed technologies (SMR, high-temperature electrolysis, gasification of wood, Fig. 11 b-d) , however, the full load hours is by far the most important parameter. For the SMR the next most sensitive parameter is the cost for natural gas (Fig. 11 b) , while the high temperature electrolysis is more sensible regarding the investment cost for the solar power equipment (Fig. 11 c) . Also for the gasification of wood (Fig. 11 d) the investment cost for the facility is more important than the cost of the feedstock and the external power supply has almost no influence on the result.
IV Final Considerations
In this paper, a comprehensive assessment of future hydrogen supply chains for mobility in Germany is performed. A variety of hydrogen production technologies using the spectrum of potential energy sources are assessed not only with an LCA (using six impact categories) but also regarding life cycle costs.
 In five out of six environmental impact categories wind powered electrolysis reaches the lowest results. However, these hydrogen supply chains have significantly higher costs than the fossil fuel and biomass based supply chains. The differences between PEM and alkaline electrolysis are very small. If only between those two technologies should be chosen a more detailed assessment would be necessary.
 The lowest costs can be achieved with the usage of substituted hydrogen from chemical industry but with high impacts on climate change.
 The lowest cost of hydrogen supply from renewable sources can be achieved by steam reforming of biomethane, which would reduce the impact on "Climate change" by roughly 50 % compared to conventional steam methane reforming (SMR). Simultaneously, high impacts regarding "Acidification" and "Particulate matter" are occurring.
 Hydrogen production from solar power shows in itself very low environmental impacts. When additionally considering, however, the long distance transport to Germany in four out of six impact categories higher results are achieved than from fossil fuel based hydrogen. Furthermore, the costs of these technologies will also exceed in future further developed technologies by far.
 In both assessments, LCA and costs, always the biological hydrogen production showed the highest results due to a low efficiency, usage of crop grown biomass and high costs for investments.
 The two technologies at the moment used for hydrogen production, steam methane reforming (SMR) and coal gasification, stand out for their low costs. At the same time, they produce high impacts on "Climate Change" and coal gasification also on "Eutrophication".
In the here assessed timeframe it is not possible to have the cheapest and most environmentally friendly hydrogen supply at the same time. Suggestions to close this gap between environmental and economic results are to reduce costs for electricity from wind power and investment costs for electrolyzers and hydrogen refueling stations further. As an alternative, biomethane could only be produced from waste biomass like manure and organic waste. These, however, are less available resources and could probably not fuel as much hydrogen driven vehicles as other hydrogen supply chains. [Pehnt, 2002 , Millet & Grigoriev, 2013 , Smolinka et al., 2011 , Melaina & Penev, 2013 , Wurster & Schaloske, 2015 , Wurster, 2007 , Qin et al., 2014 , Geitmann, 2014 , Hydrogenics, 2011 , Ernst and Young et al., 2013 ; PEM: [Smolinka et al., 2011 , Bernhart et al., 2013 , Carmo et al., 2013 [Pehnt, 2002 , Katikaneni et al., 2014 , Simbeck & Chang, 2002 , Bressan & Davis, 2013 , Kabelac et al., 2006 , McKinsey, 2011 ; CG: [Simbeck & Chang, 2002 , McKinsey, 2011 , Müller-Langer et al., 2007 , Kreutz et al., 2005 , Doctor et al., 2001 ; WG: ) [McKinsey, 2011 , Gellert, 2013 , Gunnarsson, 2014 
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